This study investigated alkanethiolate self-assembled monolayers (SAMs) of varied chain lengths adsorbed upon novel Au-coated microelectrodes, of which the surface properties were quantitatively evaluated by surface characterization and 3T3 fibroblast cell adhesion, total impedance and cell detachment tests. Thin-film SAMs adsorbed upon Au/PI/Si provided a hydrophobic or passive surface with increased water contact angle and initial total impedance. From cell adhesion tests, we can observe that the film formed as a dense-packed spacer resulted in incomplete cell sealing of 3T3 cells upon the surface-modified microelectrode. Thus the decrease in cell coverage rate and in the slope in association with total impedance as a function of cell-surface reaction time can be found. To study the adhesion force of a comparable single cell attached upon varied modified surfaces, a cell detachment test using a triangular probe tip of a well defined cantilever was carried out in medium containing fibroblast cells. Overall, both the peak force and the work required to detach a comparable single cell from the anchoring domain corresponded well to the increased length of alkyl chains adsorbed upon Au/PI/Si. Both measurements on the SAM modified surfaces demonstrated much smaller values than those on the pristine Au/PI/Si surface. These results concluded that a cell-repulsive characteristic was clearly formed on the SAM modified microelectrode surface. The non-adhering properties of surface-modified microelectrodes should provide better sensitivity for neuromuscular stimulation as well as for the recording of infinitesimal neural signals in future applications of neural prostheses.
Introduction
An implantable microelectrode with a surface of high charge transfer capability or low total impedance is an 5 Authors to whom any correspondence should be addressed.
important prerequisite for an effective stimulation around neural or muscular tissue as well as for better spatial recording resolution in the applications of neural prostheses. More recently, neuromuscular microelectrodes have been sophisticatedly designed and fabricated using micro-electro-mechanical systems (MEMS). This miniature technique usually integrates (1) a conducting surface competent for nerve stimulation and sensing using Au [1] , ITO (indiumtin oxide) [2] or TiN [3] as a coating, and (2) an electrical insulation layer to isolate from neural or muscular tissue using PI (polyimide) [4, 5] or Si 3 N 4 [6] as a film. Usually a group of nerve microelectrodes containing these two components are manufactured on the silicon wafer as a base plate and then detached from the wafer for subsequent measurements.
Along with the progress of reducing the size and the dimension of the microelectrode, a novel technique capable of enhancing spatial resolution of recording infinitesimal signals is also essential. It is however a natural process that a microelectrode is degraded as a function of in vivo implantation or in vitro embedding time. Interfacial reactions around the microelectrode surface are dynamic at the initial stages, depending on the participation of bio-molecular substances and the formation of a water-ion layer [7] [8] [9] . The bio-molecular substances particularly adsorbed on the microelectrode surface may thereafter create a preferential course formed by a reaction complex on the surface and alter its superficial feature to interact with the forthcoming ions or molecules. The chemical kinetics of initial reactions on the surface can be determined based upon sequential processes that lead to an effect in association with the degradation of the microelectrode surface. For the water-ion layer, special properties of water at the liquid/solid interface and the questions related to the factors influential to the structure and density at the interface have been measured using a direct method [10] , an experimental result giving indirect information [11, 12] , a direct spectroscopic extent obtaining a preferential orientation of water molecules at the solid surface [13] and the pH dependence of the orientation [14] . In these studies, modelling systems with a fitting procedure using single or multiple factors as contacting with host species, e.g. water molecules, ions, protein and cells, have been constructed. Surface-sensitive techniques such as neutron reflectivity [10] , vibrational sum frequency generation [15] , and high resolution specular x-ray reflectivity [16] have also been employed to interpret phase transformation occurring at the liquid/solid interfaces.
To slow down the process of degradation on the working microelectrode leading to protein adsorption [17, 18] , cell adhesion [9, 19, 20] or analyte binding [21] , there are various chemical species suitable for incorporating onto the surface. Among these chemical species, the synthesized polyethylene glycol (PEG) hydrogels and PEGylated surfaces have been widely introduced to act as a 'brush' to remove proteins or cells from the surfaces [22] . Nevertheless, the physiological environment in contact with nerve tissue exhibits relatively dehydrated. The PEG-immobilized surface is therefore incapable of functioning properly under this particular environment. On the other hand, tailored modifications using alkanethiolate self-assembled monolayers (SAMs) of different chain lengths, e.g. 1-dodecanethiol (C 12 H 26 S, DDT), 1-hexadecanethiol (C 16 H 34 S, HDT) and 1-octadecanethiol (C 18 H 38 S, ODT) on an Au-coated surface have also been achieved. The alkanethiolate SAMs are of well ordered structure containing the hydrophobic tail group and the chemically adsorbed S-Au bond [23] [24] [25] . Thin-film SAMs with lasting hydrophobic or non-adhering properties are capable of protecting the microelectrode surface from protein adsorption or cell adhesion and, as a result, lessening the increase of electrode impedance as a function of the reaction time [17] . 6 OH (EG6-OH) have also been found to be biocompatible and protein resistant [20] . In comparison, the hydrophobic surface such as ODT or EG3-OMe gives an unreasonably low water density, possibly due to the presence of air inclusions in the film and/or adsorbed air 'nanobubbles' [10] , whereas a bulk-like water density is obtained on the hydrophilic hydroxy-terminated surface such as EG3-OH or EG6-OH. In the case of the hydrophilic 11-mercapto-1-undecanol (HS(CH 3 ) 11 OH) surface, no analogous model in association with the above-mentioned SAM structures can be made. In brief, the chemically adsorbed SAMs in particular with hydrophilic tail group on Au-coated surface can be influential to different extents on the interfacial water density; the hydrophobic SAM/Au surface containing air 'nanobubbles' at the water/SAM interface may contribute to restrain water molecules from the surface.
In effect, the substances involved in the vicinity of the implanted microelectrode surface are complicated and vary dynamically with the reaction time. Interfacial reactions presumably depend on the ionic strength of a complex with an electrical double layer formed in the vicinity of the electrified microelectrode [26, 27] and the adsorption of biological substances such as protein or cells. For the former cause, the effect of protein adsorption on the SAMs/Au/PI microelectrode in relation with water molecules or ionic substances in a medium has been previously discussed [18] . For the latter one, the fibroblast is the most abundant type of resident cells in the epineurium connective tissues of a nerve, which also functions to produce fibres by secreting protein in the intercellular matrix of the connective tissues [28, 29] . Both biochemical processes tend to degrade the exposed surface of the microelectrode and affect the required time to complete neutralization on the reaction surface. As a consequence, the fibroblast cell functioned upon the microelectrode surface is commonly utilized for the assessment of cell adhesion [30] and cell detachment tests [31, 32] . In this study, novel methods capable of interpreting a cell on a particular surface are of great interest. In particular, cell adhesion and related phenomena occurring at the cell-Au or cell-SAM interface will be discussed by measuring the relations among the detachment force versus displacement, the cell coverage rate and the AC impedance on the cell/thin-film SAMs.
Material and method

Fabrication of multi-polar microelectrodes
The Au-coated substrate was prepared by electron beam evaporation of ≈200 nm of Au on the biocompatible PI (thickness of 25 µm), which was initially attached on a polished single crystal Si(100) wafer. The multi-polar nerve microelectrodes were then manufactured in clean room using MEMS technique developed at the Center for Micro/Nano Science and Technology, National Cheng Kung University, Tainan, Taiwan. Figure 1 demonstrates the structure of multipolar microelectrodes, which consisted of four nerve contact electrodes and binding pads. Each wafer contained four multi-polar microelectrodes (figure 2) which represented a group of testing samples. The thin-film type of multi-polar microelectrodes was then separated with the rings for in vitro cell culture and further impedance measurements and cell detachment tests.
SAM modification on Au/PI/Si
SAMs of different alkyl chain lengths (Fluka Chemicals) were utilized. The DDT, HDT and ODT with sulfur anchoring group were chemisorbed upon Au/PI/Si surfaces in an ethanolic 1 mM solution in a desiccator for 24 h. After the immersion, the microelectrodes were carefully rinsed and cleaned with ethanol, and blown with pure dry argon. Note that the PI surface was O 2 plasma-treated for ≈20 s before Au deposition for a firm adhesion upon the PI surface. This significantly avoided the Au/PI boundary peeling during SAMs treatment.
Surface characterization
Water contact angles were measured immediately after preparing the SAM-modified samples. The measurements were performed under argon atmosphere at 22 ± 1 • C. The sessile drop method was used and a JVC-TK1200 microscope with processing software took the droplet image. For each sample, ten measurements with a standard deviation below 1
• were carried out and an average value was calculated.
Using synchrotron-based high-resolution x-ray photoelectron spectroscopy (HRXPS), the chemical structures of Au/PI/Si and SAMs/Au/PI/Si were characterized. Measurements were carried out at the U5 undulatory beam line of the National Synchrotron Radiation Research Centre in Hsinchu, Taiwan. The time for the acquisition of the entire set of HRXPS spectra for an individual sample was selected as a compromise between the spectrum quality and the damage induced by xrays. Detail of HRXPS and the processing parameters can be found elsewhere [33] [34] [35] [36] .
Cell culture and cell coverage rate on SAMs/Au/PI/Si
The NIH 3T3 fibroblast cell line (mouse, embryo fibroblast) was sub-cultured in medium of Dulbecco's modified Eagle medium (GIBCO/BRL) containing 10% foetal bovine serum (GIBCO/BRL). The cells were kept in a 100% humidified, The feature of the cells on these surfaces was estimated using eight-bit greyscale imaging software called Image J, which is a public domain Java image processing program inspired by the National Institute of Mental Health, USA. The fractions of cell coverage on the respective surface, or cell coverage rate, were estimated on an equivalent testing day.
Measurement of AC impedance
For total impedance measurement, the 3T3 fibroblast cells were digested from tissue culture dishes (figure 2(b)). Afterwards, the 3T3 cells (≈1.5 × 10 5 cells/well) were seeded and trapped in polyethylene wells of 20 mm in diameter and 6 mm in thickness for sequential AC impedance tests (figure 2(b), mark 3) and connected to an external monitoring device for impedance measurement (figure 2(b), mark 4). Medium was renewed every two days. Total impedances of the cell-cultured microelectrodes were measured every 12 h.
For one testing group with four multi-polar microelectrodes, total impedances were respectively recorded. The total impedance of the multi-polar microelectrode was measured using an LCR analyser (Agilent 4284A precision LCR analyser). The testing frequency was set at 1 kHz with an exciting signal of 10 mV rms (AC) for an average of every three measurements per test. Practical guidelines from Agilent were referenced to select a circuit mode suitable for present electrode impedance measurement. Data analyses were processed using MATLAB V6.5 software off-line.
(a) (b) Figure 3 . A contact force (F c ) was exerted by a triangular cantilever (shown in (a)). As contacted with a cell of analogous shape, a reaction force (F cell ) for the adhered cell was produced (shown in (b)). A two-dimensional relation of forces, F vertical and F cell , was illustrated on an oxide sharpened pyramidal probe tip with the height 3.5 µm, the radius of curvature typically smaller than 15 nm and the macroscopic half-cone angles 35
• (shown in (b)). Strain deformation of the cantilever (x) owing to the generation of F vertical , was distinguished by photo-sensor and transformed from an infinitesimal current to a small shift (shown in (a)). Cell displacement (y) and the required work were thereafter measured by a plot of F cell versus y (see figure 6 ).
Cell detachment test using a probe tip of the AFM cantilever
The cell detachment process was measured using wet type atomic force microscopy (AFM, NT-MDT SPM Bio P47 for bio-samples, Russia), which was performed in medium with 3T3 fibroblast cells at room temperature. Firstly, 3T3 fibroblast cells were digested from cell culture dishes by repeating the previous procedure. Secondly, cell culture was continued on the respective microelectrode surfaces for 24 h before the cell detachment test. The 3T3 fibroblast cells as prepared for detachment tests were roughly chosen. As a result, a comparable single cell was apparently adhered upon Au/PI/Si or SAMs/Au/PI/Si with an average size and dimension of 3-4 µm in height and ≈20 µm in width.
Illustrated in figures 3(a) and (b), the force (F vertical ) to detach a cell is particularly defined using a cantilever, i.e. cantilever 4 with a triangular-shape tip, overall thickness of 500 nm, length of 200 µm, width (single beam) of 28 µm, and force constant (k) of 0.05 N m −1 (NanoWorld AG, Switzerland) [31, 37] . The magnitude of strain deformation (x) of the cantilever can be transformed into an infinitesimal current and expressed as the relation of 1 nA 0.55 µm. Thereafter, the value x can be estimated. The cantilever itself can be regarded as a particular spring-like material: F vertical is proportional to strain deformation vertical to the cantilever, while the force constant is also in accordance with the modulus of elasticity of the cantilever. Such a relation is known as Hooke's law and is simply expressed as
F cell as a function of cell displacement (y) on Au/PI/Si or SAMs/Au/PI/Si can be associated with the measured F vertical . Figure 3 (b) illustrates a force exerted by the probe tip of the cantilever, while the pressed cell responds to a reaction force of F cell . F cell is equal to F vertical / sin 35
• owing to a geometrical calculation of the pyramidal probe tip with macroscopic halfcone angles of 35
• and the tip height of 3.5 µm. In the direct measurement, F vertical can be determined by the change of cantilever strain x (F vertical = k × x) that is transformed and distinguished by laser. The F cell in association with the adhesion force of a single fibroblast cell adhered upon a surface is thereafter obtained. To make sure whether the tip of the cantilever is fully in contact with Au/PI/Si or SAMs/Au/PI/Si before releasing the cell from the surface, the cantilever may primarily exert a measurable contact force (F c ), ≈1.5 µm in vertical distance (or 75 nN) onto Au/PI/Si or SAMs/Au/PI/Si, in the vicinity of the target cell. As a result, the measured force (F m ) applied on the single cell is equal to the addition of F vertical and F c . In the report, F vertical is the difference of F m and F c , while F c is a reference value (F c = 0) owing to the measurement of x rather than the absolute value x (x = ≈1.5 µm + x). Therefore, both F vertical from a direct measurement of x and F cell from an indirect relation with F vertical can be calculated.
The value y is recorded along with the cell detachment process, while work is done as F cell moves through a distance. In the experiment, the tip scans an area of 120 µm × 120 µm with the constant speed 120 µm s −1 . To avoid irregular contacts with the testing cell and cells in the vicinity of the testing domain, only well distributed F cell versus y data from the single cell are taken. The required work to displace such a chosen and adhered cell on the respective surface is therefore indicated as F cell increases and decreases with y, corresponding to a cell detachment process.
Results
Pristine SAM/Au/PI/Si surfaces
For the SAM/Au/PI/Si surfaces, their chemical structures were determined using HRXPS. Overall, the SAM modified surfaces contained identical structures, i.e. C-C, C-H and Au-S bonds [18] . Water contact angles of the pristine Au, and DDT, HDT and ODT on Au/PI/Si surfaces were around 58
• , 96
• , 104
• and 107
• , respectively (summarized in table 1). Note that for the DDT, HDT and ODT on Au/Si (without PI) surfaces, their water contact angles are usually higher than 100
• [38] . The increase of the contact angle was roughly expected for the variation of chain lengths and the hydrophobic CH 3 surface, namely, the tail group of the alkanethiolate SAMs. Based upon the structure and spacing of the aliphatic Assuming that the spacing and bulk density for analogous head groups (Au-S) were comparable for the SAM/Au/PI/Si surfaces, the major difference among these SAM structures was therefore correlated with their alkyl chain lengths.
Cell adhesion test
Figures 4(a)-(d) demonstrated the 3T3 fibroblast cells adhered on the pristine Au, and DDT, HDT and ODT on Au/PI/Si surfaces, respectively. By calculating the coverage rates of the cells, the hydrophobic DDT, HDT or ODT treatment was competent to reduce cell adhesion from ≈82% to ≈51% (−38.3%), ≈44% (−46.7%) or ≈31% (−62.6%), respectively (table 1) . Experimental results exhibited that the Au/PI/Si surface with the hydrophobic treatment provided a passive spacer that significantly restrained the number of cells anchoring upon the Au-coated microelectrode surface.
Alkanethiolate SAMs of varied chain lengths particularly represented different film thickness as well as the dimension of spacing between cells and the Au-coated surface. Both factors, i.e. hydrophobic treatment and varied chain lengths, were well associated with the degree of cell coverage rates on the respective surfaces.
Measurement of AC impedance
Total impedance measurement was used to examine the adsorbates upon Au/PI/Si or SAMs/Au/PI/Si. According to the Agilent guidelines and our experimental measurement, the complex circuit illustrated in figure 5(a) was selected for representing a suitable impedance model as the microelectrode was immersed into medium containing 3T3 fibroblast cells. In total impedance measurement, the resistance of medium solution (Rs) was insignificant; the major part of the measured current was contributed through the pathway Ze-Rs, followed by the pathways Ze-Rg-Rs and Ze-Zc-Rs (shown in figure 5(a) ). As shown in figure 4 , 3T3 cells did not fully cover the Au or SAM modified surface, which was dissimilar to the protein pile-up process on the analogous surfaces [18] . As a result, electrical leakage from the pathway Ze-Rs, or the intercellular gaps, was most likely to occur during the measurement. figure 5(c) , for example, the slopes from minimum Z to maximum Z or the increased rate during the third to the sixth testing day were ≈3.30, ≈1.54, ≈1.75 and ≈0.63 k /day for the pristine Au, and DDT, HDT and ODT on Au/PI/Si surfaces, respectively (summarized in table 1). In the case shown in figure 5(d) (summarized in table 1 ), the responses of total impedance, in association with cells adhering upon the respective surfaces, were increased as anticipated owing to an early participation of cells on the reaction surface. In addition, initial total impedances were raised in accordance with the increase of alkyl chain lengths on Au/PI/Si. The result also revealed that the 'adhered' cells were numerous on the Aucoated surface and the SAM modified surfaces were competent to reduce cell adhesion owing to a relatively low increased rate of total impedance.
Cell detachment test
The peak F cell to detach a comparable single cell on Au/PI/Si or SAMs/Au/PI/Si was calculated in table 1. The decrease of peak F cell corresponded well with the increase of alkyl chain lengths adsorbed on Au/PI/Si.
The hydrophobic DDT, HDT or ODT treatment reduced the peak F cell from ≈106.6 nN to ≈72.4 (−32.1%), ≈39.4 (−63.1%) or ≈29.3 (−72.5%) nN, respectively. It demonstrated that the thinfilm SAMs as a spacer notably weakened the required force to detach a fibroblast cell anchoring on the respective surface. Nevertheless, the peak F cell did not take account of the entire cell detaching process, including the required course of F cell versus y to detach a relatively adherent cell from the surface.
In figure 6 , the measured peaks F cell for the respective surfaces were centred on a reference position (y = 0) regardless of the difference between the pre-pressed site of the probe tip and the contact point of the tip edge on the cell wall. As mentioned previously, the difference in the entire working distance or cell displacement y was most likely correlated with the effect of the single cell adhered upon the respective surface. By an integration over all the infinitesimal displacements, the work required to detach a fibroblast cell from its anchoring domain upon Au, DDT, HDT or ODT Figure 6 . The cell detachment process was performed in medium with a fibroblast cell of analogous shape. In the experiment, the chosen cell was apparently adhered upon Au/PI/Si or SAMs/Au/PI/Si. The peaks F cell associated with the measured F vertical (illustrated in figure 3(b) ) for the respective surfaces were centred on a reference position (y = 0). By an integration of F cell as a function of y, the work required to detach a cell of analogous shape from the anchoring domain upon the respective surface was calculated.
treated surface was ≈1.50, ≈0.41(−72.9%), ≈0.20(−86.4%) or ≈0.10(−93.2%) × 10 −12 N m, respectively. From the change of the decreased rate, present study compared the required work to detach an analogous fibroblast cell adhered on a modified surface to that on the pristine one. Our approaches of using wet-type AFM exhibited good sensitivity to explore the influence of thin-film SAM treatment on cell adhesion. In addition, it demonstrated that all the hydrophobic DDT, HDT and ODT treatments on Au/PI/Si were effective to reduce cell adhesion or cell coverage rate, or thereafter cell detachment force, as well as the required work throughout the process.
Discussion
It is assumable that cell adhesion processes for Au and for DDT, HDT and ODT on Au/PI/Si are different in response to a competitive model of sequential reactions on surfaces. In this study, the effect of cell adhesion can be expressed as an increased rate of cell coverage, a significant increase of initial total impedance, a decrease of the peak F cell and the required work to detach a comparable cell upon the respective surface. Nevertheless, dynamic reactions on these surfaces are anticipated to vary with testing time. Their relations are discussed in the following sections.
Cell adhesion on a reaction surface
The relation among the reaction surface, the reactive substances in medium and 3T3 fibroblast cells can be fitted with the reaction rate of cell adhesion process and generally expressed as
where k 1 is the rate constant depending on the reaction surface, a is the reaction order representing overall reactive substances in medium (e.g. salt, pH buffer, protein, 10% FBS, nutrients for cells), forwarding onto the surface, and b is the reaction order relating to the numbers or bioactivity of cells adhered onto the respective surface.
Based upon the above equation, there are two major components involved in the progress of cell adhesion. One is the reactive substances in medium, which are attracted by the respective surface. The primarily attracted substance should have the strongest ionic strength with the testing surface, whereas the following reactive substance, if any, has a relatively weak ionic strength with the reaction surface or the surface after reacting with the primary substance. This particular instance exhibits an analogous reaction model as the illustration of the primary kinetic salt effect [40] , one of the mechanisms by which ionic strength affects reaction kinetics in a salt-containing system. As a result, the effect of ionic substances in medium with the reaction order a is most likely dominant at the initial stage, which is associated with the process of inactivation or neutralization on Au/PI/Si or SAM/Au/PI/Si surfaces. The value b becomes important as cells are anchored on the complex surface, especially on the medium-contacted Au/PI/Si. At the latter stage, the adhered cells are expected to cover a part of the reaction surface and reach a steady state. Thereafter the cells are programmed for death [29] and released from the respective surface. The reaction order b for the SAM modified surface at the latter stage is relatively low in comparison with that for Au/PI/Si. In other words, the analogous attraction effect is relatively insignificant for the SAM modified surfaces. In figures 4(a)-(d) and table 1, the result of cell coverage rate interprets some of the consequences leading to variations of cell coverage rates.
On the other hand, based upon collision theory and transition-state theory in the kinetics study [40] , the activation energy required for the event of cell adhesion upon Au/PI/Si or SAM/Au/PI/Si surfaces is naturally elevated owing to an intense competition with the reactive substances in medium. The reactive substances such as ions in medium are, however, feasible to reach the microelectrode surface. Medium containing reactive substances is not a favourable environment for cells as molecular aggregates to pass over the ionic fields of different strengths and follow such a direct pathway leading them to adhere upon a respective surface. The nature of this effect is easy to understand from the well known Debye-Hückel theory [40] , in which the interaction containing relatively positive or negative ionic substances is sensitive to the net force between the reacting ones. Accordingly, when the ionic strength of a new complex upon the microelectrode surface reaches a compromise, functional cells adhered upon this surface may gradually occur. For example, an Au-coated surface appears much more competent than a SAM-modified surface to attract fibroblast cells. In contrast, SAM treatment on the Au-coated surface greatly reduces their ionic strength with the reactive substances in medium or the ongoing cells. Thin-film SAMs thus provide not only a passive layer, but also a low ionic strength surface to the environment containing reactive substances and fibroblast cells. Once functional cells are attached on the complex surface, the product on the reaction surface may start to complete a cell adhesion process, which is eventually a sense of balance between cell attachment and cell detachment. The dominant step to influence cell adhesion is therefore the anchoring process of functional cells upon the relatively inactivated Au/PI/Si or SAMs/Au/PI/Si.
Cell adhesion related to total impedance on the respective surfaces
In total impedance measurements, Au/PI/Si and SAM/Au/PI/Si surfaces under three respective handling environments are compared and illustrated in figures 5(b)-(d). Initial total impedances augment in accordance with the increase of alkyl chain lengths on Au/PI/Si. Thin-film SAMs adsorbed upon an Au-coated surface may act as a passive spacer to enlarge total impedance. In addition, at the initial stage, a very limited number of reactions contributes to the change of total impedance on the respective surface. The SAM modified surface is also insensitive to the response of the following cell-surface interactions, e.g. fibroblast cells function to secrete protein and subsequently to enhance cell-surface affinities [33] . In these cases, two possibilities that reduce the increase of total impedance are anticipated. Firstly, a relatively small number of cells is likely to attach on SAM modified surfaces. Secondly, the attached cells exhibit incomplete sealing on SAM modified surfaces owing to a relatively low attraction effect. Note that the effect of thin-film SAMs as a passive spacer is not coupled with electrical leakage (i.e. the pathway Ze-Rs shown in figure 5(a) ) that happens through intercellular gaps on SAMs/Au/PI/Si.
Cell adhesion and cell detachment process
Cell shape with respect to a particular cell cycle is simply employed to interpret the quality of cells adhered upon a surface. Despite this, the major part of the cell's bioactivities is determined by the feedback from the intercellular events of the cell cycle as well as signals from the cell's 'micro-' environment [29] . In this study, cell coverage rate in association with total impedance measurement indicates a part of cell-on-surface interactions. The results are still deficient to describe cell adhesion force on a complex surface. The cell-on-surface force may be resolved by characterizing the spacer or the adsorbates at the interface. Thin-film SAMs may act as a passive spacer, which has been measured as a matter of unreasonably low water density, possibly due to the presence of hydrophobic tail group and air 'nanobubbles' [10] that contribute to restrain water from the surface. As a consequence, a cell of comparable shape on an Au-coated or 'nanobubble'-containing alkanethiolate SAM surface may differ from the extent of anchoring sites on a complex surface. It signifies that cells attached upon the SAM surface tend to weaken the cell-on-surface adhesion force or therefore reduce the cell detachment force from the surface. Moreover, this surface tends to increase the initial total impedance and lessen the sensitivity to an ionic environment. As discussed in section 4.2, initial total impedance augments with increased thickness of thin-film SAMs adsorbed upon Au/PI/Si. At the latter stage of total impedance measurement, relatively passive response to ionic substances in medium and cells can be found in figures 5(b)-(d). Total impedance at this stage is relatively stable regardless of cell attachment upon SAMs/Au/Pi/Si. In addition, a hydrophobic or relatively non-stain SAM layer is well characterized by water contact angle measurements (table 1) .
By a cell detachment test, a single fibroblast cell of analogous shape is mechanically pressed and pushed using a well identified triangular tip. It is well known that living cells can respond to stressors within seconds, therefore, potential biological effects in the detaching cell induced by the tip are presumably developing as a function of the testing time. In this study, the process of tip-cell contact movement only takes ≈0.08 to ≈0.32 s, which can be simply described as a particular cantilever with a triangular tip that slightly presses thin-film SAMs (i.e. the bottom of an analogous single cell), continuously moves in parallel and scans a surface area to find a complete F cell versus y relation. As a result, present work can move toward a full contact between the edge of the tip and the cell membrane. In figure 6 and table 1, the decrease of the peak F cell corresponds well with the increase of alkyl chain lengths adsorbed upon Au/PI/Si. Thin-film SAMs as a dense-packed spacer notably weaken the adhesion force of a comparable cell anchoring on this surface. On the other hand, by integration over all the infinitesimal cell displacements, the work required to detach a cell of analogous shape from its anchoring domain on Au, DDT, HDT or ODT treated surface can be well distinguished, which corresponds well to the measurements of cell coverage rate and total impedance. On the whole, the hydrophobic DDT, HDT and ODT treatments on Au/PI/Si are all effective to reduce cell adhesion or thereafter cell detachment force, and create a cell-repulsive surface that eventually slows down the process of degradation on the microelectrode surface. A potential drawback of thinfilm SAM treatment upon the Au-coated surface is to create a relatively inactive characteristic that naturally declines its sensitivity to stimulate neural or muscular tissue or to record infinitesimal nerve signals.
Conclusion
From the cell adhesion on the surface modified multi-polar microelectrodes, the well ordered and hydrophobic DDT, HDT or ODT treatment on Au-coated microelectrode is effective to reduce cell coverage rate to different extents. Thin-film SAMs adsorbed on Au/PI/Si provides not only a passive layer, but also a surface with low ionic strength to the environment of medium containing cells. SAM treatment also leads to a significant increase of initial total impedance, followed by insensitive response to cell adhesion process. Cells adhered upon SAM modified surfaces exhibit incomplete sealing, observed by their shapes, owing to a relatively weak anchoring effect on these surfaces.
Direct measurements of cell detachment using a triangular probe tip of the AFM cantilever are made in the environment of medium containing 3T3 fibroblast cells on the respective surfaces. Experimental results exhibit that, moving to detach a comparable fibroblast cell, the decrease of the peaks F cell corresponds well with the increased length of alkyl chains adsorbed upon Au/PI/Si, whereas these peaks F cell are much smaller than that of the pristine Au/PI/Si. Therefore thinfilm SAMs act as a dense-packed spacer and notably weaken the adhesion force of a comparable fibroblast cell anchoring on the respective surfaces. By integration over all F cell versus infinitesimal cell displacements, the work required to detach a cell of analogous shape from its anchoring domain on Au, DDT, HDT or ODT treated surface can be well distinguished, which corresponds well with the measurements of cell coverage rate and total impedance.
On the whole, the hydrophobic DDT, HDT and ODT treatments on Au/PI/Si are all effective to slow down the process of cell adhesion or thereafter to decrease the required force to detach a comparable single cell. Our studies also demonstrate that the triangular probe tip of a well defined cantilever is competent to work on a single cell, or furthermore biomolecular substances, adsorbed on the microelectrode surface. SAM treatment on Au/PI/Si may generate a cellrepulsive surface that is advantageous to slow down the process of degradation on a nerve microelectrode surface, whereas it naturally declines surface sensitivity to stimulate neural or muscular tissue or to record infinitesimal nerve signals.
